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   Abstract— Requirement of reliable condition indicators is needed 
in the energy sector with web based information structure and with 
increased number of aged power apparatus operating in digital 
switching and loading environment.  This project for oil-filled power 
transformers is taken up by Cooperative Research Centre for 
Integrated Engineering Asset Management (CIEAM) to develop 
knowledge models for prediction of remaining life of operating 
transformers. The aims at Queensland University of Technology 
(QUT) are to come up with partial discharge (PD) and relaxation 
condition indicators.  In this paper, part of the promising results on 
relaxation measurement is presented. Two 11 kV/220 V ‘SWER’ 
(Single Wire Earth Return) and one 70 kV/220V HV test 
transformers were tested. They were tested with Step Polarization 
and Low Frequency Domain Spectroscopy techniques.  The collected 
time and frequency domain polarization responses provide the aged 
and new status of transformers. The dynamic variation of the 
relaxation responses with heating reveals the aging status information 
of the transformers. With heating, NEW transformer’s leakage 
current magnitude and changes with heating time are significantly 
less. 
   Index Terms— Dielectric Relaxation, Polarization, Low Frequency 
Domain Spectroscopy or Dielectrometry, Polarization Index, 
Condition monitoring. 
 
I. INTRODUCTION 
 
Power transformers are the most expensive part of the network 
between generation, transmission and distribution operations 
of the electrical energy. In this competitive de-regulated 
energy market, cost effective asset management program 
requires on-line, on-site and non-intrusive condition monitors 
to predict the reliability, life cycle cost and remaining life of 
operating power apparatus [1][2].  A few on-line expensive 
commercial units to monitor single and a few dissolved gases-
in-oil (DGA), hot-spot, PD, and loss angle at 50 Hz are 
available for use. Recent publications [3]-[5] try to summarize 
possible diagnostic tests, condition assessment methods and 
reconditioning techniques on liquid-filled power transformers. 
The post mortem study [6] on scraped transformers aged from 
16 to 44 years found that degree of polymerization (DP) 
varied with the sampled locations, and correlation was 
established with furan content and averaged value of measured 
DP.  They suggested studying the influence of moisture 
content and temperature on the above diagnostic 
measurements.  The cellulose and oil insulation materials of 
transformer are depolymerised by thermal, oxidative and 
hydrolytic degradation in the presence of water and oxygen at 
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high operating temperatures.  Moisture finds its path through 
the leaky seals and aging of the oil-paper insulation. Oxygen 
may find its path through the breathers [7]. Water in oil-paper 
insulation can reduce the dielectric withstand strength, 
accelerate cellulose aging leading to de-polymerization and 
initiate the emission of gas and water bubbles at hot spots 
during load changes. The paper [8] discusses the moisture 
model to determine the moisture distribution in oil and 
cellulose based on oil flow, moisture vapor pressure and 
saturation properties of oil and cellulose. It suggests that aging 
and bubbling considerations are based on the moisture content 
of the hot spot area. Slow oxidation reaction with temperature 
leads to breaking of carbonic hydroxyl groups, formation of 
furanic derivatives, gases and sludge.  Dielectric response 
measurement [9]-[13] is an effective tool for the measurement 
of the concentration of moisture in oil/paper insulation 
systems. Dielectric response predicts the changes in physical 
properties like moisture content, contamination and by 
products of aging due to polarization effects and dielectric 
losses.  The traditional oil sampling method requires the 
moisture equilibrium diagram with its long time constants, and 
gets modulated with the uncertainties due to limited sampling 
at different operating temperature. Studies under laboratory 
conditions suggest that composite oil paper insulation 
polarization responses are highly dependent on the conditions 
of prepared samples and the ambient conditions of test 
environment and the geometry of electrode and insulation 
arrangement [12].  With those points from the literature, 
studies are concentrated on transformers kept in sealed tanks.  
The main objective is to come up with relaxation technique for 
industrial use and verify its use in evaluating the degradation 
status of aged oil-filled transformers.  Section 2 discusses the 
basic theory of dielectric relaxation.  Section 3 lists the details 
on tested transformers, test equipment and layout of test 
arrangement. Section 4 presents the experimental results while 
Section 5 discusses the technique and the obtained results. 
Section 6 concludes with the future requirement needed for 
this type of study. 
 
II. DIELECTRIC RELAXATION  
 
Non-destructive relaxation phenomenon in power equipments 
was studied to extract the condition indicators [14].  The basic 
theory is that when dielectric material is subjected to low 
electric perturbation, E (t) thereby avoiding any destructive or 
non-linear effects, dipoles becomes excited. It induces new 
delayed response polarization, P (t) due to electronic, ionic, 
dipolar and interfacial polarization processes [13] [15]. The 
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net induced dielectric flux density, D (t) can be expressed by 
(1). 
 
                   ( ) ( ) ( )tPtEtD += ε           (1) 
 
The time dependency of P (t) and D (t), however, will not be 
the same as that of E (t), as the different polarization processes 
will have delays.  This electric perturbation generates a current 
density, i (t) as a sum of conduction and total displacement 
currents shown in (2). 
             ( ) ( ) ( )
dt
tdDtEti += 0σ                                          (2) 
Here σ0   represents the effective dc conductivity of dielectric.  
Using convolution integral technique, the dielectric response 
function, f (t) can be predicted. Various models like extended 
Debye (ED) model [13], universal fractional power law 
(UFPL) model [16], XY model [17], and Frequency 
Dependent RC (FDRC) Model [12] are proposed to represent 
the dielectric response functions.  
 
A. ED Model 
 
ED Model represents the dynamic dielectric response function 
as a parallel sum of n series connected RiCi elements as given 
by (3). 
                    ( ) ∑
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Here, τi = Ri x Ci.  
 
B. UFDL  Model 
 
Jonscher proposed the UFDL Model   which represents the 
polarization response function with fast and slow polarization 
periods with respect to t0. 
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Where t0 > 0, m > n > 0, m > 1 and A is constant. 
 
C. XY  Model 
 
XY Model is proposed by groups with very good knowledge 
base of oil-filled transformer insulation. The model predicts 
the response function from oil-filled transformer terminal 
relaxation measurements, and it also estimates the dependency 
of f (t) on temperature (T) and humidity. XY Model derives 
the composite dielectric permittivity using (5). X is defined as 
the ratio of the sum of all the thickness of the used insulating 
barriers in the duct, lumped together, and divided by the duct 
width.  The spacer coverage, Y, is defined as the total width of 
all the spacers divided by the total length of the periphery of 
the duct. 
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D. FDRC  Model 
 
The recently proposed FDRC Model represents the response 
as single RC and its values, Rs (ω) and Cs (ω) as shown in 
Fig.1 depend on frequency (ω). The fitted parameters c, d, m 
and n as per (6) and (7) can be used for characterizing the 
relaxation responses. 
 
 
Fig. 1. FDRC Model 
 
                ( ) dcfRs −=ω                                                   (6) 
               ( ) nmfCs −=ω                                                   (7) 
 
The models help to predict the responses as they yield 
quantitative parameters to use it as condition indicators for 
asset management.  The only limitation is to get a unique 
fitting of experimental measurements with time for 
comparison under different operating conditions of the 
transformer, and to convince the asset managers for reliable 
prognosis. The different optimized fitting techniques may end 
up with the parameters which may not match the multiple 
diagnostic results such as traditional condition monitoring 
results like Dissolved Gas Analysis (DGA) and other chemical 
tests, polarization index (PI) and partial discharge results of 
the industry. In most of the industrial tasks, training data for 
prediction model may not be available.  With those practical 
limitations, the various knowledge models are analyzed to 
match the obtained observations and measurements. 
 
III. MEASUREMENT TECHNIQUE 
 
In the laboratory, 3 transformers are taken in for the 
investigations. A brand new “SWER” transformer (NEW) is 
purchased and its ratings are 12.38 kV/ 250 V/10 kVA. The 
volume of oil in the sealed cylindrical tank is 48 L and dc 
resistance of the HV winding is 156 Ω at 21ºC. The diameter 
of cylindrical metal tank is 0.43 m with a height of 0.5 m. The 
local utility provided a 25 years aged “SWER” transformer 
(OLD) after reconditioning the oil. It is rated for 12.7 kV/250 
V/5 kVA. The volume of oil in the sealed cylindrical container 
is 26 L and dc resistance of the HV winding is 415 Ω at 21ºC.  
The diameter of cylindrical metal tank is 0.34 m with a height 
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of 0.55 m. The third HV test transformer (QUT) is aged for 50 
years. It was donated to QUT for continuous cable testing 
after the service life with local utility. It is rated for 70 
kV/211V/6.5 kVA with oil capacity of 5000 L. The HV 
winding had a resistance of 2.363 kΩ at 21ºC.  
 
Fig. 2. Layout for Dielectrometry Studies 
 
Fig.2 shows the layout of test arrangement. The left side of the 
LV winding kept in oil tank is connected to variable 220 V ac 
source of 50 Hz. The full load is connected to HV winding. In 
our case, loading resistors are rated for 220 V ac and they 
were connected through NEW or OLD depending on the 
tested transformer. After disconnecting ac source, relaxation 
studies were done with two types of instrumentation. The 
perturbing voltage is applied to N and the leakage current 
response from LV and HV winding insulation through oil 
insulation was measured at ER in Fig.2 after removing 220 V 
ac source. Initial study was concentrated with a commercial 
battery operated unit [18]. The selected pulse source was 
‘STEP’ dc voltage of 264V and the leakage current was 
digitally recorded.  The second unit - CIEAM was developed 
in-house to generate a wide variety of digital perturbation 
signals of different shapes and periods with a peak HV level 
of 80 V. The corresponding leakage current response due to 
80 V peak relaxation perturbances can be recorded with the 
desired sampling points.  In this paper, only dielectric 
relaxation responses due to commercial unit ‘STEP’ and 
CIEAM unit ‘Sinusoidal’ shaped voltages are presented.  
 
The dielectric response current measurement from copper, 
impregnated paper and oil is a three terminal measurement. 
Any leakage current to the metal tank due to pulse or 
sinusoidal sources is grounded in both the instruments. The 
tests were conducted under two operating modes as indicated 
below: 
(i) Before loading the transformer. 
(ii) After loading (heating the insulation) the transformer. 
 
IV.  POLARISATION RESPONSES 
 
Initial feasible relaxation study was carried with the 
commercial instrument by varying the voltage and terminals. 
The encouraging results made us to develop our digital 
instrumentation (CIEAM unit). In this paper, only condition 
indicators using the physics of polarization processes in 
composite insulation with thermal loading are analyzed.  
 
A. Change in HV Winding Resistance 
 
The full load current at rated voltage enabled the transformer 
to heat up its insulation components to the operational level 
temperature. The reported results show the time of recording. 
The resistance of HV winding indicated the possible operating 
inside temperature. Every test day, two resistance readings 
were made at the start of the study (around 10 am) before 
energizing with 50 Hz and at the end of the study (around 4 
pm) immediately after switching off the 50 Hz.  During the 
HV winding resistance measurement,  50 Hz, CIEAM unit and 
the associated connections were removed fast to record the 
resistance quickly at the instant of switching off.   
 
The recorded resistance values around 4 pm with NEW, OLD 
and ‘QUT’ transformers are 169.5 Ω, 460 Ω and 2.39 kΩ 
respectively.  
 
B. Responses due to BIPOLAR ‘STEP’ perturbation 
 
From [15], one knows that any polarization is going to 
introduce charges in the dielectric medium and it is strongly 
recommended to measure the polarization processes with 
alternating polarity voltages or by depolarization method to 
minimize the role of residual charges due to any previous 
electric polarization processes. Initial study was done by 
connecting the ‘+’ and ‘-‘ terminals of the commercial 
instrument to neutral (N in Fig.2) of 220 V winding and ‘ER’ 
(low voltage) terminal of 11 kV winding leaving the guard 
connected to ground of the tank. The measurement was taken 
for the first 600 seconds with one polarity, and immediately 
after that, the terminals were changed to make the 
measurements for next 600 seconds with reversed polarity.  
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Fig.  3.  Bipolar Step Voltage Response Measurements with Time 
 
Fig. 3 shows the leakage current responses for 600 s using the 
‘STEP’ dc voltage of 264 V on OLD transformer. Initial 
reading was taken at 11.11a.m. with negative polarity 
connected to HV winding.  When the polarity was reversed, 
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the current increased for 1122P measurements. The gap 
between the consecutive polarity change measurements 
increased with heating of the windings. If the dc step voltage 
level was increased, response current also increased. 
Next series of the measurement was planned to increase the 
safety aspect and to eliminate the variation due to dc polarity 
reversal and level. The aim was to get indicators for 
comparative measurements on OLD and NEW transformers 
with minimum voltage perturbation level and reducing the 
possible time delay errors. 
 
C. Responses due to UNIPOLAR ‘STEP ’perturbation 
 
In this study, the HV terminal(ER) was connected to positive 
terminal of the commercial instrument and the LV terminal 
(N) was connected to the negative output with the guard 
connected to the ground.  Measured leakage response currents 
on OLD transformer are shown in Fig.4.  The leakage current 
increased with time due to heating and the gap between the 
corresponding relaxations measurements decreased with time 
of heating.  While the corresponding response for NEW 
transformer is shown in Fig.5. The rate of change of relaxation 
current with polarizing time is significant in the initial 
measuring period of 600 s. The NEW transformer’s leakage 
current magnitude and the gap between heating time are 
significantly less. Both had the same trend but the rate at 
which they change is the significant feature to be taken for the 
prediction of remaining life. 
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Fig. 4.   Unipolar Step Voltage Response Measurements with Time  
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Fig. 5.   Unipolar Step Voltage Response Measurements with Time 
With those observations, the studies were more focused on 
low frequency perturbation techniques to minimize the 
injected residual charge. A computer program controlled 
digital function generator interfaced with HV amplifier 
generated the desired HV perturbing signal in CIEAM unit. 
The multichannel data logger recorded the perturbing signal 
and the corresponding leakage current response. The digital 
programming enabled to control the waveform symmetry and 
yielded the phase differences with reduced uncertainties. 
 
D. Responses due to Sinusoidal perturbation 
 
The designed digital system is a very versatile one with 
control on the number of sampled points and the waveform 
period. It can be operated as single shot or in continuous 
repetitive mode.  As the objective is to use it as an industrial 
technique, both time of data acquisition and number of 
perturbing frequencies are identified after observing the 
polarizing responses with noise and the needed test time.  Five 
frequencies were used and Fig.6 displays the proportional 
perturbation sinusoidal signals of peak magnitude 80 V and 
the corresponding measured responses on OLD and NEW 
transformers at the starting (before heating) and end of tests 
(after heating). The used abbreviations are as follows: 
“S” stands for proportional perturbing 80 V peak sine signal. 
The positive peak of perturbing signal is taken as the first 
point for plotting. “ROS” stands for the proportional 
polarization current response on OLD transformer at the start 
of test (~ 10 am). “ROH” stands for the proportional 
polarization current response on OLD transformer after 
heating at the end of test (~ 4 pm). “RNS” stands for the 
proportional polarization current response on NEW 
transformer at the start of test (~ 10 am). “RNH” stands for the 
proportional polarization current response on NEW 
transformer after heating at the end of test (~ 4 pm). 
 
In all the current response measurements, the leading phase 
shift can be seen with respect to the perturbation. The 
sinusoidal periods are 10 s, 50 s, 100 s, 200 s and 500 s 
respectively from top to bottom of Fig.5.  For OLD 
transformer, the current responses decrease from 2.5 units 
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(peak) to 1.25 units with decrease in frequency. With heating, 
current increased and phase angle decreased. It indicates the 
generation of more resistive leakage current by heating. While 
on NEW transformer, the current reduces from 5 units (peak) 
to 0.35 units with decrease in frequency. With heating, the 
trend of the NEW behavior is same as OLD but the order of 
change is less.  Up to 100 s period, the response sinusoidal 
signal retained the sinusoidal shape and for longer periods, the 
distortion was significant.  
 
Tests with “QUT” transformer followed the behavior of OLD 
transformer with leakage current almost in phase with 
perturbing ac signal. No significant heating effect was 
observed as the 11 kV units as the oil volume in it was more. 
When rated ac voltage of 70 kV was raised, PD inception was 
observed around 25 kV ac and PD activity increased 
significantly for any increase beyond 25 kV ac 
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Fig. 6.  On-Line Sinusoidal Frequency Response Measurements with Time 
  
V. DISCUSSION 
 
Various forms of analysis are carried out to extract the 
significant degradation indicators of these transformers and it 
will be reported in the second accompanying paper. Here, the 
analysis connected with the possible operating temperature at 
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the end of heating is presented as continuity on 
experimentation.  
 
The rise in temperature (T2) of the HV winding is estimated 
using the change in resistance of the winding (RT2). 
             [ ]( )12112 TTRR TT −+= α                                   (8) 
 
The temperature coefficient of copper (α) is taken as 
0.004041/ºC/Ω and T1 as 21 ºC. For the measured RT2 values 
after heating, it is estimated that NEW ,OLD and ‘QUT’ 
transformer reached a temperature RT2 around 45 ºC,48 ºC and 
24 ºC respectively. Both 11 kV transformers reached near to 
the operating temperature while ‘QUT’ transformer did not 
heat up due to large volume of oil. 
 
This test can be easily implemented by utilities with a large 
fleet of identical transformers at site.  As soon as the 
transformer is switched off during the planned outage time, 
this test can be carried at ‘hot’ and ‘cold’ conditions after 
isolating all the winding terminals from protection and 
energizing circuits.  Relaxation status while cooling down can 
be used to identify the dynamic aging thermal relaxation 
parameters and to correlate with aging results of other furan 
and degree of polymerization (DP) measurements. Also, this 
test can be extended to other HV machines of different rating 
by increasing the perturbing signal peak magnitude to record 
the relaxation current with reduced noise at the site. 
 
From the responses, one can see that the rate of change of 
polarization responses with frequency in the range of 0.1 Hz 
to 0.002 Hz, and temperature step of 21°C to 48°C can be 
effectively used to determine the aging status of transformer.  
More studies should be done on similar geometry constructed 
with different aged materials to verify this observation.  Also, 
this opens up the possibility of carrying on-line relaxation 
study if proper 50 Hz isolation can be introduced. Our study in 
the laboratory provides similar results with full load short-
circuited on-line 50 Hz current testing. At 50 Hz HV on-line 
studies, 50Hz voltage induced polarization also occurs. 
. 
 
VII. CONCLUSIONS  
 
This rate of change of relaxation responses with heating opens 
a new scientific area for commercial exploitation in increasing 
oil filled transformers life cycle. It can be used along with the 
existing traditional chemical methods like furan and DP 
methods to determine the remaining life. Chemical methods 
rely on sampling at one location and it can be affected by 
change in oil condition and other maintenance practices. After 
sufficient verification with fleet of identical transformers, this 
condition indicator may supplement to develop a better aging 
model of transformer for asset management.  The study 
provides salient difference in dynamic relaxation response 
changes of OLD and NEW transformers due to change in 
thermal stresses in addition to normal relaxation current level 
and shape with time and frequency. 
 
VIII. REFERENCES 
 
[1]  R. Malewski, J. Subocz, M.Szrot, J.Plowucha, R. Zaleski, “Condition 
Assessment of Medium-Power Transformers Using Diagnostic 
Methods: PDC, FDS, FRA to support decision to modernize or replace 
service-aged units,” Paper No.A2-209, CIGRE 2008, Paris. 
[2] Maja Koncan-Gradnik, Tim Gradnik and Marja Mulej,” Asset 
Management of transformers using accredited physical-chemical 
diagnostics and on-line monitoring in Slovenia,”, Paper No.A2-213, 
CIGRE-2008,Paris. 
[3] IEEE Std C57.140-2006, IEEE Guide for the Evaluation and 
Reconditioning of Liquid Immersed Power Transformers, Chapters 5 
and 6, pp.15-64, 2007. 
[4]   X.Zhang and E.Gockenbach,”Asset-Management of Transformers 
Based on Condition Monitoring and Standard Diagnosis,” IEEE EI 
Magazine, vol.24,no.4, pp.26-40, July/August 2008. 
[5] E. Gockenbach and H. Borsi,” Condition Monitoring and Diagnosis of 
Power Transformers,” Proc. Of International Conf. On Condition 
Monitoring and Diagnosis, Beijing, China, pp.894-897, Apr. 2008. 
 [6] T. Leibfried, M.Stach, N. Majer, I.Hohlein, U.Thieb, J.Christian, 
M.Schafer, K.Etzkorn, H.G. Schwabe and W. Dewes, “Post Mortem 
Investigation of Insulation Material of Power Transformers and 
Comparison with Diagnostic Measurements”, Paper No. A2-205, 
CIGRE 2008, Paris. 7 10 
[7] M. Koch, S. Tenbohlen and M. Rosner,” Moisture Ingress in Free 
Breathing Transformers,” Proc. Of International Conf. On Condition 
Monitoring and Diagnosis, Beijing, China, pp.646-650, Apr. 2008. 
 [8] Mario Scala,”Type Moisture Assessment in Transformers including 
overloading limits,” Paper No.A2-202, CIGRE 2008, Paris. 
[9] DIRANA Dielectric Response Analyzer, Leaflet from OMICRON 
electronics Corp. USA, www.omicron.at 
[10] C. Ekanayake, S.M. Gubanski, A. Graczkowski and K. Walczak, 
“Frequency Response of Oil Impregnated Pressboard and Paper Samples 
for Estimating Moisture in Transformer Insulation,”  IEEE Trans. Power 
Delivery, vol.21, no.3, pp.1309-1317, July 2006.  
[11] S. A. Bhumiwat,”Advanced Applications of Polarisation/Depolarisation 
Current Analysis on Power Transformers”, Record of the IEEE 
International Symp. On   Electrical Insulation, pp. 474-477, June 2008. 
[12] Cao Hongyan, “Relaxation Studies on Oil, Pressboard and Oil 
impregnated pressboard,” PhD Thesis, Nanyang Technological 
University, Singapore, 2005. 
[13] W.S. Zaengl, “Applications of Dielectric Spectroscopy in Time and 
Frequency Domain for HV Power Equipment,” IEEE EI Magazine, 
vol.19, no.6, pp.9-22, Nov/Dec 2003. 
 [14] S. Birlasekaran and Yu Xingzhou, “Relaxation Studies on Power 
Equipment,” IEEE. Trans. DEI, vol.10, No.6, pp. 1061-1077, December 
2003. 
[15] E. Kuffel, W.S. Zaengl and J. Kuffel, High Voltage Engineering: 
Fundamentals, 2nd Edition, Newnes, Oxford, pp.395-412, 2000. 
[16] A. K. Jonscher, Universal Relaxation Law, Chelsea Dielectrics Press,     
London, 1996.  
[17]  J. Blennow, C. Ekanayake, K. Walczak, B. Garcia and S.M. Gubanski, 
“Fieled experiences with measurements of dielectric response in 
frequency domain for power transformer diagnostics,” IEEE Trans. 
Power Delivery, vol.21, no.2,  pp.681- 688, April 2006.  
[18] HIOKI 3455 High Voltage Insulation Tester, www.Hiokiusa.com. 
 
 
 
 
 
 
      
